Cell viability assays are important tools in oncological research and clinical practice to assess the tumor cell sensitivity of individual patients. The purpose of this study was to demonstrate the comparability of 3 widely used assays (MTT, ATP, calcein assays) by principal component analysis. The study included 4 different cytostatics (cisplatin, docetaxel, doxorubicin, vinblastine) and 3 different human cancer cell lines (MCF-7, A2780, doxorubicin resistant A2780adr). Ninety-three percent of the total variance of all variables included in the principal component analysis (resulting from 3 cell lines and 3 assays) could be explained by 1 principal component. Factor loadings were ≥ 0.937 except for the variable MTT-A2780adr, which was 0.872. These results indicate the similarity of the 3 assays. A 2nd principal component analysis included literature data and showed accordance of data from this study and the literature. The MTT assay was further improved as a high-throughput screening-capable assay. The ATP assay is able to detect effects of cytostatics already after 1 h incubation. The determination of resistance factors allowed to differentiate cytostatics into P-gp or non-P-gp substrates. In conclusion, this study provides improved microplate reader-based cell viability assays and sets a statistically solid basis for a future comparison of data obtained in different laboratories by any of the 3 assays. (Journal of Biomolecular Screening 2004:506-515) 
INTRODUCTION
I N THE UNITED STATES, 5 million people get cancer per year, of whom a third will die-as a direct or indirect result-from their cancer. 1 Besides radiotherapy and surgery, cytostatic drugs represent an effective tool in the treatment of many rapidly progressing cancers. 1, 2 The sensitivity or resistance of tumor cells against cytotoxic drugs is an important factor for the outcome of the treatment of an individual patient. Thus, assessment of the potency of new or known anticancer agents is a major issue.
The MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide) and the ATP (adenosine triphosphate) assays are widespread methods to assess cell viability. MTT is reduced by mitochondrial dehydrogenases in living cells to a blue-magentacolored formazan precipitate. The absorption of dissolved formazan in the visible region correlates with the number of intact alive cells. Cytotoxic compounds are able to damage and destroy cells, and thus decrease the reduction of MTT to formazan. 3 The nucleotide ATP plays a dominant role in energy exchange processes in biological systems. ATP represents the most important chemical energy reservoir in cells and is used for biological synthesis, transport, and movement processes. The ATP assay first developed as a somatic cell viability assay by Lundin et al. is based on the reaction of luciferin to oxyluciferin catalyzed by the enzyme luciferase in the presence of Mg 2+ ions and ATP yielding a luminescent signal. 4 A linear relationship exists between the intensity of the luminescent signal and the ATP concentration. 5 Another biological test system to assess cell viability is the so-called calcein assay, which is, however, more widely used to investigate Pglycoprotein (P-gp) activity and thus serves as an assay to screen for P-gp modulators. [6] [7] [8] [9] P-gp is encoded by the multidrug-resistance gene mdr1 and works as an efflux pump. Consequently, P-gp decreases the potency of many anticancer drugs and plays an important role in the development of chemoresistance of tumors. Modulators are able to reduce the P-gp-based resistance. 10 The calcein assay as a tool to assess cell viability uses the nonfluorescent calcein-acetoxymethylester (Cal-AM), which penetrates through the cell membrane due to its lipophilic characteristics. Intracellular esterases cleave the ester bonds yielding the hydrophilic, anionic fluorescent dye calcein. The degree of fluorescence correlates with cell viability, which can be decreased by cytotoxic drugs. 11 Although these assays are widely used to assess the cytotoxic potential of various drugs in many different cell lines, to our knowledge a quantitative comparison has only been performed for the MTT and ATP assays but not the calcein assay. 12 Since each of these 3 assays is using a different endpoint to assess cell viability (MTT: activity of mitochondrial dehydrogenases; ATP: breakdown of ATP production; Cal-AM: activity of intracellular esterases), it cannot be taken for granted that results from these 3 assays correlate. Thus, the purpose of this study was, 1st, to establish the ATP and calcein assays as well as an optimized, homogeneous, HTS-capable MTT assay avoiding multiple time-consuming washing steps, and, 2nd, to compare inhibitory concentrations (IC 50 values) obtained with these assays to establish if a correlation between the assays can be obtained. The MTT, ATP, and calcein assays were performed using 4 different cytostatic compounds (cisplatin, docetaxel, doxorubicin, and vinblastine) and 3 different cell lines, the mamma carcinoma cell line MCF-7, the ovarian cancer cell line A2780, and the Adriamycin ® (= doxorubicin) resistant ovarian cancer cell line A2780adr. The data matrix that contains pIC 50 values (= -logIC 50 ) was analyzed by principal component analysis. [13] [14] [15] In contrast to previously published articles, which compared 2 parameters only, 12, 16 the principal component analysis applied here allows to directly compare more than 2 variables, namely, data of the MTT, ATP, and calcein assays in the 3 different cell lines.
MATERIALS AND METHODS

Materials
Vinblastine was purchased from Sigma Chemicals (Taufkirchen, Germany), docetaxel was kindly provided by Merlin-Apotheke (Bonn, Germany), doxorubicin was a gift from Medac (Hamburg, Germany), and cisplatin was purchased from Acros (Fairlawn, NJ, USA). All other chemicals were obtained from Sigma Chemicals unless otherwise stated.
Cell culture
The human mamma carcinoma cell line MCF-7 was kindly provided by Dr. R. Hartmann, University of Saarbrücken, Germany, and was grown in Dulbecco's Modified Eagle Medium (DMEM) (Gibco-Invitrogen, Karlsruhe, Germany) supplemented with 20% fetal bovine serum (Sigma Chemical, Taufkirchen, Ger-many), 50 µg/mL streptomycin and 50 U/mL penicillin G (Sigma Chemical) at 37°C and 5% CO 2 . Human ovarian carcinoma cell lines A2780 and A2780adr were obtained from ECACC (European Collection of Cell Cultures, No. 93112519 [A2780adr] and No. 93112519 [A2780], United Kingdom) and were preserved in RPMI-1640 medium (Sigma Chemical) supplemented with 10% fetal bovine serum, 50 µg/mL streptomycin, 50 U/mL penicillin G, and 365 µg/mL L-glutamine (Sigma Chemicals). Cells were incubated at 37°C with 5% CO 2 . Every 5th passage, doxorubicin (0.1 µM) was added to the cell culture medium of A2780adr cells to maintain a resistance/selection pressure.
MTT assay
Cells were seeded into 96-well plates (Greiner, Frickenhausen, Germany) at a density of 20% per well in a fixed volume of 90 µL and kept under 5% CO 2 at 37°C for 6 h. The seeding density depended on the growth characteristics of the cells and was chosen to avoid a 100% confluency of untreated cells. After 6 h, cells were attached as controlled by microscopy and treated with the different test compounds, resulting in a final volume of 100 µL per well. After 72 h incubation, 20 µL of MTT solution (5 mg/mL) were added to each well. Incubation with MTT was terminated after 50-70 min (before cell-damaging formazan needles were formed) by injecting 150 µL of a mixture of 2-propanol:1 M HCl (50 mL:165 µL) to each well with an injector by using a FLUOstar microplate reader (BMG Labtechnologies, Offenburg, Germany). Then, the 96-well plates were kept at 5°C for 1-2 h. Finally, the absorption was measured at 595 nm (test wavelength) and 690 nm (reference wavelength) using the BMG FLUOstar. Absorption at the reference wavelength was subtracted from the absorption at the test wavelength.
ATP assay
Cells were plated into 96-well plates (Greiner, Frickenhausen, Germany) and treated with the various cytotoxic drugs as described under "MTT assay." After 72 h incubation, cells were lysed with 1% Triton X100. After 10 min, the 96-well plate was centrifuged for 2 min at 1500 rpm. 50 µL of the supernatant were transferred from each well to wells of a white microplate (Greiner, Frickenhausen, Germany). ATP was determined using a bioluminescence-based commercial ATP determination kit (Molecular Probes, Eugene, OR, USA) according to the manufacturer's instructions. Reaction buffer containing dithiothreitol, Dluciferin, and luciferase was injected by using an injector of a LUMIstar luminescence plate reader (BMG Labtechnologies, Offenburg, Germany), and luminescence was subsequently recorded for 15 s. scribed under "MTT assay." After 72 h incubation, 100 µL of fresh culture medium containing the same concentrations of cytotoxic drugs were added to each well of the 96-well plate, respectively, rendering a total volume of 200 µL per well, and cells were again incubated for 72 h as described above. Then, 50 µL of a 1 µM calcein-AM solution (Calbiochem-Novabiochem, Schwalbach, Germany) were added to each well. Finally, fluorescence was measured in constant intervals (5-10 min) at an excitation wavelength of 485 nm and an emission wavelength of 520 nm using the BMG FLUOstar for up to 180 min. Maximum fluorescence values of each well were employed for the construction of concentrationresponse curves.
Data analysis
Absorption, luminescence, or fluorescence data were transformed to relative units as follows: the lowest measured single value was subtracted from all other data, and thus set as zero. Then, the highest measured single value was defined as 100% and all other data were normalized to the 100% value. Concentrationresponse curves were then generated by nonlinear regression curve fitting using the 4-parameter logistic equation with variable hill slope (GraphPad Prism 3.0 software, San Diego, CA). IC 50 is the concentration of the cytotoxic agent that led to a decrease of 50% of the recorded signal. The pIC 50 values are -log IC 50 . Resistance factors are the ratios of the IC 50 values determined in the Adriamycin ® -resistant A2780adr cell line and the IC 50 values in the A2780 cell line, and were determined by calculating and averaging the ratios of each single IC 50 value in the resistant and in the sensitive cell line, respectively. Statistical analyses including principal component analysis were performed using SPSS (version 11.0.1 for Windows).
RESULTS
MTT and ATP assays
The MTT and ATP assays were established using 3 different cell lines, the mammalian carcinoma cell line MCF-7, the ovarian cancer cell line A2780, and its Adriamycin ® (= doxorubicin) resistant counterpart A2780adr, and 4 different cytostatic compounds (cisplatin, docetaxel, doxorubicin, and vinblastine). A homogeneous, HTS-capable assay was developed for the MTT assay by including modification steps compared to the original method of Mosmann. 3 The determination of the optimum seeding density for each cell line before starting the incubation with the cytotoxic agent ensured that untreated control cells did not reach 100% confluency or were overgrown after the 72-h incubation period. Consequently, replacement of culture medium and/or washing steps were unnecessary. By adding the mixture of 2-propanol/HCl automatically with the injector of the microplate reader, a homogenous and high-throughput-capable MTT assay was obtained. A typical concentration-response curve for docetaxel at MCF-7 cells obtained with the MTT assay is shown in Figure 1 . The same opti-mum seeding density as determined for the MTT assay was also applied for the ATP assay. Figure 2 displays a typical concentration-response curve for docetaxel at MCF-7 cells obtained with the ATP assay.
A summary of the inhibitory effects of the 4 cytotoxic drugs obtained with the MTT and ATP assays is shown as pIC 50 values in Table 1 . Next, the rank orders of potency acquired by these 2 assays were compared in each of the 3 cell lines. In the cell line MCF-7, both assays led to the same rank order: cisplatin < doxorubicin < vinblastine < docetaxel (Table 1 ). In the cell line A2780, the rank order of the inhibitory effects of the cytostatic drugs was cisplatin < doxorubicin < docetaxel ≤ vinblastine (Table 1) the parental cell line A2780 by an enormous decrease of the pIC 50 values for the cytostatic compounds doxorubicin, vinblastine, and docetaxel estimated in both cell viability tests (Table 1) , which is in accordance with the known expression of the resistance-mediating drug efflux pump P-gp. 10, 17 The highest inhibitory effects were, however, still found for the cytotoxic drugs vinblastine and docetaxel. Cisplatin and doxorubicin exerted basically the same little cytotoxic effect in A2780adr cells estimated with both the MTT and ATP assays considering the standard deviation displayed in Table 1 .
Calcein assay
In contrast to the MTT and ATP assays, in the calcein assay the inhibitory effect of the 4 cytostatic drugs was measured after a 144h incubation period in MCF-7 cells. The extension of the incubation period was necessary to obtain a measurable effect of each cytostatic compound but still avoiding overgrown cells. A shorter incubation period than 144 h did not yield a significant difference in fluorescence between control cells and cells treated with the maximum cytostatic concentration (data not shown). Fluorescence was measured in constant intervals leading to characteristic fluorescence-time curves with different maximum fluorescence values for different concentrations of the cytostatic compound as shown in Figure 3 for docetaxel in MCF-7 cells. Figure 4 illustrates the corresponding concentration-response curve for docetaxel, which allows a direct comparison with the results of the MTT and ATP assays in Figures 1 and 2 . The pIC 50 values of the 4 cytotoxic agents and their standard deviations for the cell line MCF-7 are given in Table 1 . The calcein assay yielded the same rank order of inhibitory potency as the MTT and ATP assays in MCF-7 cells: cisplatin < doxorubicin < vinblastine < docetaxel (Table 1) .
Statistical comparison of the results of the MTT, ATP, and calcein assays
First, a statistical comparison of the pIC 50 values in Table 1 was performed. Included were the 3 different cell lines for MTT-ATPassay comparison, the 3 different cell viability assays, and the 4 cytotoxic agents for 3 pairwise regression analyses shown in Figure 5A-C. All correlation coefficients were > 0.961, indicating linear relationships. 18 Next, the multiple intercorrelation between the assays and thus the equality of the results was determined by principal component analysis (PCA). PCA and factor analysis are the most widely used statistical methods to reduce the number of dimensions in data analysis and to investigate multiple intercorrelations between variables. [13] [14] [15] 18 It has also been used to define similar and deviating responses among biological data (variables). [19] [20] [21] [22] [23] Results of the multiple intercorrelation analysis of the data in Table 1 are displayed in Table 2A (correlation matrix) and Table 2B (factor loadings of the 7 variables). The correlation matrix gives a 1st overview on strong and weak correlations between the 7 variables and shows-with 2 exceptions-correlation coefficients of > 0.824 (Table 2A ). Compared to the correlation matrix, one major advantage of the PCA results (factor loadings, Table 2B ) is the enormous data compression reducing the complexity of the correlation matrix.
To define the number of principal components (PCs) explaining most of the total variance among a certain number of variables, different criteria can be used for choosing the number of dimensions that adequately describe the data matrix. One of them is the scree plot, a graphical illustration of the eigenvalue-progression, which supports the determination of the number of PCs from a set of variables. 18, 24 For the data matrix in Table 1 , the 1st extracted PC described 93% of the total variance. Figure 6 shows the corresponding scree plot displaying that 2 PCs could explain almost the total variance: the 1st PC obtained an eigenvalue of 6.510, whereas the 2nd PC achieved an eigenvalue of only 0.434. Applying the Kaiser criterion resulted in only 1 PC ( Figure 6 ). The Kaiser criteriondepicted in Figure 6 as a parallel line to the x-axis intersecting the y-axis at an eigenvalue of 1.0-follows the idea that a PC with an eigenvalue < 1.0 has no legitimacy for the description of the total variance. 18 All factor loadings representing the correlation between the variables and factors are 0.937 or higher with the exception of variable MTT-A2780adr, which had a factor loading of only 0.872 (Table 2B ). Overall, these results indicate a significant multiple correlation among the biological data (variables) and with the first PC. In the next step, literature-known pIC 50 values for the cell lines A2780 and MCF-7 obtained with the MTT assay and listed in Table 3 were compared with all pIC 50 values measured in this study (Table 1) ance. The eigenvalue of the 1st PC was 8.190 . All factor loadings presented in Table 4 were 0.936 or higher with the exception of the factor loading of the resistant cell line A2780adr-MTT assay, which was only 0.781 (Table 4 ). These results indicate a good overall correlation of the results of different cell viability assays found in the literature and measured in this study.
Estimation of drug-resistance ratios
The doxorubicin-resistant cell line A2780adr is known to highly express the mdr1 (multidrug resistance) gene product P-gp compared to the parental A2780 cell line. 10, 17 Thus, drug resistance factors were estimated for the 4 examined cytotoxic agents, and results were compared between the ATP and MTT assays ( Fig. 7) . Doxorubicin displayed the highest resistance factor in both assays, with 201 in the MTT assay and 131 in the ATP assay ( Fig. 7) ,
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Journal of Biomolecular Screening 9(6); 2004 www.sbsonline.org 511 whereas cisplatin owned the lowest resistance factor (MTT assay: 4.6; ATP assay: 0.5). At a first view, the data appear to reveal differences between the resistance factors in the MTT versus the ATP assay. However, considering the error bars for each resistance factor, no significant differences could be detected between resistance factors estimated in the MTT or the ATP assay, respectively (Fig.  7) . Our data are further within the range of literature-based resistance factors for doxorubicin in A2780adr versus A2780 cell lines (40 to 494) 17, [25] [26] [27] and in accordance with literature data stating that cisplatin is not known to be a substrate of the P-gp efflux pump. 10 Taken together, the MTT and ATP assays led to the same rank order of drug resistance factors of A2780 versus P-gp expressing A2780adr cell lines: cisplatin < docetaxel < vinblastine < doxorubicin (Fig. 7) .
DISCUSSION
The purpose of this study was to compare 3 widely used cell viability assays, the MTT, ATP, and calcein assays. These assays are important tools not only in basic oncological research but also in clinical practice to assess the tumor cell sensitivity of individual patients. 12 We have thus established these 3 assays in our laboratory and have compared the resultant pIC 50 values against 3 different human cancer cell lines using 4 clinically important cytotoxic drugs (cisplatin, doxorubicin, vinblastine, docetaxel). The MTT assay has been further improved starting with the original method of Mosmann 3 by developing a homogeneous HTS-compatible assay ( Fig. 1 displays a typical concentration-response curve). To compare the results of the 3 cell viability assays displayed in Table  1 , not only a pairwise correlation analysis has been performed ( Fig. 5A-C) but also a PCA. The PCA offers the advantage of a direct comparison of more than 2 variables, here 7 variables displayed in Table 1 resulting from 3 cell lines and 2 or 3 cell viability assays. PCA and factor analysis has been used as a statistical method not only to reduce the number of dimensions in data analysis and investigate multiple intercorrelations between variables but also to define similar or deviating responses among biological variables. [13] [14] [15] [18] [19] [20] [21] [22] [23] Ninety-three percent of the total variance of the 7 variables in Table 1 could be explained by 1 PC showing that the results and responses of the cell lines are identical. A criterion to choose the number of PCs is the Kaiser criterion and the scree plot ( Fig. 6 ). Whereas the scree plot displayed in Figure 6 showed 2 PCs until the slope of the plot was~zero, the eigenvalue of the 2nd PC was only 0.434, meaning that the 2nd PC explained less than 1 variable, which is in contrast to the Kaiser criterion and the idea that 1 PC should explain at least 1 variable. Thus, taken together, statistical analysis of the data in Table 1 revealed that the 3 different cell viability assays yielded significantly comparable results in all 3 cell lines tested.
Furthermore, a 2nd PCA performed with the data in Table 1 and literature-based data ( Table 3 ) revealed again a strong correlation of the 3 examined cell viability assays: the 1st extracted PC explained 91% of the total variance, thus resulting in a reduction of 9 variables to 1 PC. Except for the MTT assay in the resistant A2780adr cell line, all factor-loading values indicated a strong intercorrelation of the applied variables (Table 4 ).
Because the 2 PCAs revealed that all 3 examined cytotoxicity assays yielded similar results, the next discussion point is consequently the advantages and disadvantages of the 3 assays. Although the calcein assay revealed comparable results to the MTT and ATP assays, the long-required incubation period of 144 h (only 72 h for the MTT and ATP assays) is in contrast to a rapid assessment of the potency of cytotoxic drugs against tumor cells and illustrates the inferior position of the calcein assay. Thus, the calcein assay was performed in MCF-7 cells only. One remarkable disadvantage of the MTT assay is that damaged mitochondria may still be able to reduce MTT to formazan. 3, 28, 29 This could lead to a rightward shift of the concentration-response (absorption) curves. Damaged mitochondria could further evolve from sharp formazan crystals/needles and alter the reduction of MTT to formazan. Thus, the formation of cell/mitochondria damaging formazan needles was prevented by microscopic supervision of needle formation and led to an optimized incubation time for MTT of 50-70 min. Furthermore, more than 1 enzyme involved in oxidative/reductive metabolism may play a role in the reduction of MTT to formazan. 3, 30 However, this study revealed that these potential problems did not alter pIC 50 values in a significant manner, as the PCAs showed intercorrelation of the results of the 3 cell viability assays. The development of the MTT assay as a homogeneous assay was, however, a major achievement since washing steps during the MTT assay were associated with the loss of less attached damaged and living cells leading to a higher degree of variation (data not shown). These findings are in accordance with literature data 3, 30 and underline the advantage of a homogeneous MTT assay. Solubilized formazan was read in a microplate reader at a test and a reference wavelength allowing to minimize the effect of cell debris and precipitated proteins, which occur after addition of 2propanol/HCl. Both the use of the reference wavelength and acidified 2-propanol abolish interference of phenol red present in the culture medium, thus avoiding the use of phenol red-free medium, which was suggested by Denizot and Lang 31 Major advantages of the here-described MTT assay are that it is simple, fast, reproducible, homogeneous, and HTS capable.
The ATP assay is, however, the most sensitive method among the 3 methods described. 12 The limit of detection was found as 0.1 picomol ATP and is in accordance with literature data. 32, 33 Thus, the high sensitivity of the ATP assay allows to detect cytotoxic agent-induced ATP breakdown already after incubation periods as short as 1 h: Figure 8 displays a concentration-response curve of docetaxel at MCF-7 cells determined with the ATP assay after 1 h incubation with docetaxel. As can be seen from the resulting pIC 50 value of 9.89 ± 0.02 (average ± SD, n = 4), the ATP assay yields basically the same pIC 50 value after 1 h incubation (9.89) as it does after 72 h incubation (9.62, Table 1 ). These findings are comparable with the results of Kuzmits et al. 33 Because the MTT assay does not offer the possibility to assess cytotoxicity after already 1 h but requires a~72-h incubation period, the rapid results from the ATP assay illustrate a major advantage of the ATP assay. A further advantage of the ATP assay is the short measurement time of only 15 s per well, whereas the MTT assay requires a 1-2 h solubilization step of the formazan and subsequent absorption measurement. A certain disadvantage of the ATP assay is the higher costs compared to the inexpensive MTT assay. A problem concerning all cell viability assays is possible inconsistencies between pIC 50 values obtained at cultured human cancer cell lines as performed in this study and native cancer tissue from patients, in that cultured cancer cell lines may increase their proliferation due to fetal bovine serum-containing medium. Differences between cultured cancer cell lines and clinical specimens are known in the literature and should be considered when comparing pIC 50 values between native and cultured cell lines. 34, 35 However, in this study, the obtained pIC 50 values showed a good correlation to the expected potencies of the cytostatic agents in ovarian and breast cancer therapy. 12, 36, 37 Furthermore, with both the MTT and ATP assay, comparable results were obtained when estimating drug resistance factors for cisplatin, docetaxel, doxorubicin, and vinblastine in A2780adr and A2780 cell lines (Fig. 7) . Drug resistance in A2780adr cell lines is mainly mediated by P-gp, an ATP-dependent drug efflux pump. 10, 17 Literature-based resistance factors for doxorubicin in Pgp-versus non-P-gp-expressing cells vary within a wide range (40-to 494-fold). 17, [25] [26] [27] A direct comparison between the various resistance factors is, however, difficult for 2 reasons. First, experimental conditions, as for example, the exposition period of the cytostatic agent and its concentration, vary and may lead to different drug-resistance factors. 17, [25] [26] [27] Second, none of the publications makes a statement about the error or confidence interval of the estimated resistance factors. 17, [25] [26] [27] Even in our study: at first view, resistance factors estimated by the MTT or ATP assay seem to differ, for example, doxorubicin or vinblastine in Figure 7 . However, taking into account the estimated error bars revealed that both the MTT and ATP assays resulted in comparable (not significantly different) drug resistance factors (Fig. 7) . For doxorubicin, resistance factors of 201 ± 113 (MTT assay, average ± SD) and 131 ± 57 (ATP assay, average ± SD) were estimated ( Fig. 7) and were well within the range of the literature-based data. 17, [25] [26] [27] Variations of Pgp-mediated drug resistance factors are unlikely to be due to the widespread use of the MTT-reagent because MTT was shown not to interfere with P-gp by Marks et al. (i.e., MTT is no substrate of the drug efflux pump P-gp). 38 Otherwise, MTT would have increased the sensitivity of the resistant cell line A2780adr toward P-gp substrates like doxorubicin or vinblastine. P-gp-mediated drug resistance factors further allow to differentiate cytotoxic agents into 2 groups: P-gp substrates and non-P-gp substrates, which is of clinical importance for the treatment of cancer. 10 In accordance with literature data, doxorubicin, vinblastine, and docetaxel obtained resistance factors ≥ 18, which clearly identified these compounds as P-gp substrates. 10 Cisplatin still retained a resistance factor of 4.6 in the MTT assay, which is in accordance with literature data at A2780adr cells 27 but gave a resistance factor of only 0.5 in the ATP assay ( Fig. 7) . Taking into account the results from the principal component analysis that data obtained with the MTT and ATP assay do not differ significantly ( Table 1 , Fig.  5A , Table 2B ) and considering the error bars of the cisplatin resistance factor in the MTT assay, cisplatin can be excluded as a P-gp substrate, which again is in accordance with the literature. 10 However, other mechanisms of resistance may be associated with the low degree of resistance of cisplatin (resistance factor of 4.6, Fig.  7 ) seen in the A2780adr cell line with the MTT assay. 39 
CONCLUSIONS
The equality of 3 different cell viability assays (MTT, ATP, and calcein) (Tables 1, 2B) was proven by correlation and PCA. These assays have so far not been comprehensively compared. Data from this study including 4 different cytostatic agents and 3 different cancer cell lines have also been shown by PCA to be in accordance with literature data (Tables 3 and 4 ). The MTT assay has been further improved as an HTS-capable assay, whereas the ATP assay is able to detect effects of cytotoxic agents even after 1 h (Fig. 8 ). The determination of drug resistance factors in P-gp-expressing versus non-P-gp-expressing cells allows to differentiate cytotoxic agents into P-gp substrates (e.g., doxorubicin, vinblastine, docetaxel) or non-P-gp substrates (e.g., cisplatin, Fig. 7 ). Thus, this study provides improved microplate reader-based cell viability assays (HTS-capable, short incubation) and-by performing PCAssets a solid statistical basis to allow a future comparison of cell viability data obtained in different laboratories by any of the 3 described assays. Cell viability assays will continue to be important tools in research and also in clinical practice to assess the tumor cell sensitivity of individual patients.
